Autoimmune insulin-dependent diabetes mellitus (IDDM) occurs spontaneously in mice-bearing transgenes encoding the influenza hemagglutinin under the control of the rat insulin promoter and a T cell receptor specific for an hemagglutinin peptide associated with I-E d . Such ''double transgenic'' mice expressing wild-type or targeted IL-4R␣ genes were examined for the onset of IDDM. Eight of 11 mice homozygous for wild-type IL-4R␣ were hyperglycemic by 8 weeks of age, whereas only 1 of 16 mice homozygous for the targeted allele were hyperglycemic at this time. Most 1L-4R␣؊͞؊ mice remained normoglycemic to 36 weeks of age. Although only 10% of double transgenic mice homozygous for the wild-type IL-4R␣ allele survived to 30 weeks, 80% of mice homozygous for the targeted allele did so. Heterozygous mice displayed an intermediate frequency of diabetes. Even as late as 270 days of age, mice homozygous for the targeted allele had no insulitis or only peri-insulitis. Thus, the inability to respond to IL-4 and͞or IL-13 protects mice against IDDM in this model of autoimmunity.
M
any tissue-specific autoimmune diseases are mediated by the induction of autoantigen-specific T cells. These cells are believed to cause tissue damage through the production of cytokines, through direct lysis of cells expressing self-antigens, or through the induction of inflammatory responses (1 -3) . Examples of autoimmune diseases caused by the action of TH2 cells have been reported (4, 5) , but this appears to be a less common mechanism of tissue-damaging autoimmunity. Indeed, some TH1-type autoimmune diseases can be prevented, or are ameliorated, by treatment with IL-4 (6, 7), which may either block the development of a TH1 response or may directly, or indirectly, inhibit the activity of the major product of TH1 cells, IFN-␥. In other models, peptide administration, which may induce a TH2 cytokine burst, can arrest autoimmunity (8) (9) (10) .
In experimental type I diabetes, it has been generally assumed that TH1 cells are important in launching ␤-cell damage and that destruction of these cells is completed by CD8 T cells. Indeed, IFN-␥-producing TH1 clones derived from CD4 cells isolated from the pancreas of nonobese diabetic (NOD) mice transfer the disease to young NOD mice (11) (12) (13) . In NOD mice, anti-IFN-␥ antibodies have been reported to block the onset of cyclophosphamideinduced diabetes (14) or of diabetes induced by splenocyte transfer (15) . However, a targeted mutation in the IFN-␥ gene has been reported to delay but not prevent the onset of diabetes in NOD mice (16) . Although IFN-␥R knockout NOD mice were reported to be protected from diabetes (17) , more recent work has demonstrated such an effect only in cyclophosphamide-induced acceleration of diabetes; a second gene, linked to the IFN-␥R, plays a role in the resistance originally noted (18) . On the other hand, treatment of NOD mice with IL-4 protects against the development of diabetes (6) , and transgenic NOD mice expressing IL-4 under the rat insulin promoter are protected (19) . Thus, the pattern of expressed cytokines plays an important but complex role in the induction of diabetes in NOD mice.
IFN-␥ plays a causative role in other transgenic models of type I diabetes. For example, transgenic mice in which the lymphocytic choriomeningitis virus (LCMV) nucleoprotein or glycoprotein is expressed under the control of the rat insulin promoter develop diabetes upon infection with LCMV (20, 21) . IFN-␥Ϫ͞Ϫ mice are protected against diabetes in this model (22) . In addition, if mice expressing the LCMV nucleoprotein transgene also express an IFN-␥ transgene under the control of the rat insulin promotor, they develop diabetes without LCMV infection (23) .
A particularly interesting model of type I diabetes involves the expression of transgenes encoding a T cell receptor specific for a peptide derived from influenza virus hemagglutinin (TCR-HA) and for the hemagglutinin gene under the control of the rat insulin promoter (RIP-HA). These mice develop diabetes with variable penetrance (24) . In our laboratory, 50-80% of double transgenic mice are hyperglycemic by 4-8 weeks of age (25) .
Recent results suggest that presentation of HA to, and priming of, specific T cells depends upon dendritic cells that acquire HA that has presumably been produced by islet cells (26) . Such primed CD4 T cells (together with CD8 cells) are then capable of causing peri-and pan-insulitis and inducing diabetes.
Because IL-4 opposes the priming of TH1 cells in vitro and administering IL-4 can be protective in other models of diabetes, we were interested in testing the effect of deleting the IL-4 receptor ␣ chain (IL-4R␣) on the development of diabetes in TCR-HA, RIP-HA double transgenic mice. We prepared such mice that were either homozygous for the wild-type allele of the IL-4R␣, chain, or heterozygous or homozygous for the targeted gene. Here, we report that, contrary to expectation, the lack of the IL-4R␣ chain exerted a very significant protective effect on the occurrence of type I diabetes in these mice.
Materials and Methods
Mice. BALB͞c mice-expressing transgenes encoding a TCR recognizing an immunodominant epitope of influenza PR8 virus hemagglutinin (HA110-120) in association with I-E d (TCR-HA) were kindly provided by Harald von Boehmer (Dana-Farber Cancer Institute, Boston), and B10.D2 mice expressing the PR8 influenza virus HA transgene (RIP-HA) were kindly provided by David Lo (Scripps Research Institute, La Jolla, CA). IL-4R␣Ϫ͞Ϫ mice (27) were bred in the National Institute of Allergy and Infectious Diseases Animal Facilities. TCR-HAϩ͞Ϫ, RIP-HAϩ͞Ϫ, IL-4R␣Ϫ͞Ϫ, ϩ͞Ϫ, ϩ͞ϩ mice were produced in the Mount Sinai Animal Facilities by mating TCR-HAϩ͞Ϫ, IL-4R␣ϩ͞Ϫ mice with RIP-HAϩ͞Ϫ, IL-4R␣ϩ͞Ϫ mice.
Progeny were initially genotyped for the expression of TCR-HA and RIP-HA transgenes. Double transgenic mice then were genotyped for the targeted mutation in the IL-4R␣ gene.
The following primers were used under standard conditions for PCR: for the TCR-HA transgene, forward primer 5Ј-TAGAbbreviations: IDDM, insulin-dependent diabetes mellitus; NOD, nonobese diabetic; RIP, rat insulin promotor; HA, hemagglutinin; LCMV, lymphocytic choriomeningitis virus; TCR, T cell receptor. ‡ To whom reprint requests should be addressed. E-mail: bonac01@doc.mssm.edu.
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GAGAAAGCAATGGAGAC-3Ј and reverse primer 5Ј-GTAC-CTGGTATAACACTCAG-3Ј; for the HA transgene, forward primer 5Ј-GTCCTACATTGTAGAAACA-3Ј and reverse primer 5Ј-GTGACTGGGTGTATATTCT-3Ј; for the wild-type and mutated IL-4Rct genes, forward primer 5Ј-AATGTGACCTACAAG-GAACC-3Ј and reverse primer 5Ј-GGACTCCACTCACTCCAG-3Ј; and for the neomycin resistance gene, forward primer 5Ј-CTTGGGTGGAGAGGCTATTC-3Ј and reverse primer 5Ј-AGGTGAGATGACAGGAGATC-3Ј.
Diabetes Monitoring and Histology. Mice were bled at 2-week intervals beginning at 8 weeks of age. Some were killed for histological analysis at various times.
Plasma glucose concentrations were measured with a Precision QID blood glucose monitor (Medisense, Bedford, MA).
Histopathological Analysis. Pancreas specimens were fixed in 10% buffered formalin solution and embedded in paraffin, and sections were cut in stairwise 7-m sections. This procedure was carried out to exclude counting the same islet twice. Sections were stained with hematoxylin-eosin.
Statistics. Significance of differences in plasma glucose concentrations between various groups of mice was determined by Student's t test; significance in survival among various groups was determined by the Kaplan-Meier test (28) . Differences were considered to be statistically significant when P values were Ͻ0.05. The specificity of the PCR reaction was confirmed by Southern blotting analysis using genomic DNA digested with EcoRI and hybridized with cDNA probes as previously described (27) (data not shown).
Results
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Frequency of Insulin-Dependent Diabetes Mellitus (IDDM).
In our laboratory, many TCR-HA, RIP-HA double transgenic mice are hyperglycemic by 4 weeks of age (403 Ϯ 117 mg glucose/dl) and are hypoinsulinemic (0.08 Ϯ 0.03 ng/ml) at that time. We studied mice from the breeding scheme described above that were TCR-HA, RIP-HA at 8, 10, and 12 weeks of age. Eight of 11 of those homozygous for IL-4R␣ were hyperglycemic at 8 weeks of age; the frequency of ϩ͞ϩ mice that were hyperglycemic changed little at 10 or 12 weeks of age (9 of 13 and 10 of 13, respectively). Double transgenic mice that were homozygous for the mutated IL-4R␣ gene (Ϫ͞Ϫ) mice showed a strikingly lower incidence of hyperglycemia (1 of 16 at 8 weeks, 2 of 14 at 10 weeks, and 2 of 13 at 12 weeks). The difference in incidence of hyperglycemia between the ϩ͞ϩ and Ϫ͞Ϫ groups was highly significant (P Ͻ 0.003). The frequency of hyperglycemic mice among double transgenic IL-4R␣ϩ͞Ϫ mice at 8 weeks of age was only 2 of 10, significantly less than in the ϩ͞ϩ mice (P Ͻ 0.021). By 12 weeks of age, 4 of 7 of the ϩ͞Ϫ mice were hyperglycemic, suggesting that heterozygosity at the IL-4R␣ locus delays, but does not prevent, the onset of diabetes (Fig. 2) .
Six of the double transgenic Ϫ͞Ϫ mice that were normoglycemic at 12 weeks of age were followed for 24 weeks by bleeding every 2 weeks; these animals remained normoglycemic for the duration of the experiment.
Islet Histopathology. Histopathology of TCR-HAϩ͞Ϫ, RIP-HAϩ͞Ϫ mice that were IL-4R␣ϩ͞Ϫ or Ϫ͞Ϫ as well as that of their parental strains was examined. Double transgenic IL-4R␣ ϩ͞Ϫ and Ϫ͞Ϫ mice were divided into two groups: normoglycemic and hyperglycemic. As expected, BALB͞c IL-4R␣Ϫ͞Ϫ, B10.D2, RIP-HAϩ͞Ϫ and BALB͞c TCR-HAϩ͞Ϫ mice were normoglycemic; their islets were of small size and showed no evidence of inflammation (Table 1) . Furthermore, all TCR-HAϩ͞Ϫ, RIP-HAϩ͞Ϫ mice were hyperglycemic at 81 days of age, and all showed insulitis. In Table 1 , the histopathology of individual normoglycemic or hyperglycemic double transgenic IL-4R␣ϩ͞Ϫ or Ϫ͞Ϫ mice, examined at various ages, is presented. Normoglycemic IL-4R␣Ϫ͞Ϫ mice showed either no insulitis or a limited degree of peri-insulitis; the latter was observed principally in mice 216 days of age or older. Normoglycemic IL-4R␣ϩ͞Ϫ mice tended to have a somewhat greater degree of insulitis at 224 days of age; the three mice examined at that time had some islets that displayed pan-insulitis and others that showed peri-insulitis. All of the hyperglycemic IL-4R␣ϩ͞Ϫ and Ϫ͞Ϫ mice displayed a substantial fraction of islets exhibiting pan-insulitis. Fig. 3 illustrates the histopathology of pancreases of 8-, 10-, and 14-week-old double transgenic IL-4R␣ϩ͞ϩ and Ϫ͞Ϫ mice. Whereas the islets of double transgenic IL-4RϪ͞Ϫ mice are of normal size and do not exhibit inflammatory reactions, the islets of 8-week-old double transgenic IL-4Rϩ͞ϩ mice exhibit peri- 0  0  100  35  56  68  0  32  67  56  0  0  100  35  70  0  0  100  26  98  0  0  100  24  182  0  0  100  23  182  0  0  100  22  216  16  0  84  29  216  8  0  92  20  270  50  0  50  22  270  0  0  100  39  TCR-HA ϩ͞Ϫ, RIP-HA ϩ͞Ϫ, IL-4R Ϫ͞Ϫ  98  71  29  0  42  140  63  37  0  19  140  75  25  0  28 P, peripheral-insulitis; C, pan-insulitis. Histological analysis of pancreata of eight hyperglycemic 84-day-old TCR-HA ϩ͞Ϫ, RIP-HA ϩ͞Ϫ double Tg mice showed 32 Ϯ 21 pan-insulitis.
insulitis; those of the 10-and 14-week-old ϩ͞ϩ mice exhibit pan-insulitis associated with a dramatic increase of the size caused by inflammatory reactions Survival. The survival of the double transgenic mice was followed over a 30-week period and analyzed by the Kaplan-Meier test (Fig.  4) . The majority of the Ϫ͞Ϫ mice survived, whereas the majority of ϩ͞ϩ mice died. The difference between these groups was highly significant (P ϭ 0.00078). Although there was a trend for greater survival of the ϩ͞Ϫ mice than the ϩ͞ϩ mice, the difference was not statistically significant (P ϭ 0.127). A larger sample will be needed to determine whether heterozygosity at the IL-4R␣ locus is partially protective against death from IDDM.
Discussion
The IL-4R␣ chain acts as the high affinity binding chain and the principal signaling chain for IL-4; it also acts as the signaling chain for IL-13, but in this case the IL-13R␣1 chain conveys the bulk of the cytokine specificity. Thus, IL-4R␣ knockout mice are unresponsive to both IL-4 and IL-13 (29) . The finding that the lack of IL-4R␣ chain protects TCR-HA, RIP-HA double transgenic mice against insulitis, diabetes, and death implies that either IL-4 or IL-13 plays a role in the progression of this disease.
IL-4 can act at several loci in the immune response and thus might impact the development of autoimmune diabetes by more than one mechanism. It plays a critical role in the in vitro and in vivo induction of TH2 responses. Mice lacking IL-4 (30) as well as mice lacking IL-4R␣ (27) or Stat6 (31) often make weak or absent TH2 responses. IL-4 and IL-13 may both act as effectors of allergic-type inflammation; IL-13 has often been the more important effector molecule (32) . IL-5, a product of TH2 cells, plays an important role in mobilizing eosinophils from the bone marrow (33) . Thus, if insulitis were mediated by ''allergic'' inflammatory responses, the absence of TH2 cytokines in IL-4R␣Ϫ͞Ϫ mice could explain the protection of these animals from diabetes. Indeed, TH2 cells have been reported to transfer diabetes into NOD mice, but only if these animals are immunocompromised (5) . The bulk of evidence implicates a TH1-driven type of immunopathology as the dominant force in the development of IDDM (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) , arguing that the lack of IL-4R␣ does not mediate its effect by diminishing TH2 effector functions.
Are their instances in which IL-4 contributes to the development of TH1 responses? IL-4 has been known for some time to play a role in the development of immature dendritic cells in vitro. Shortman and his colleagues (34) have recently reported that the production of the bioactive p70 form of IL-12 by freshly isolated and cultured mouse and human dendritic cells was strikingly enhanced by IL-4. If IL-4 plays a comparable role in vivo, it is possible that dendritic cells in IL-4R␣Ϫ͞Ϫ mice would be less effective in polarizing CD4 responses toward the TH1 phenotype; indeed, such dendritic cells might act to tolerize rather than immunize naive cells.
There are some in vivo situations in which IL-4 actually appears to enhance TH1-like responses. Thus, IL-4-deficient BALB͞c mice and BALB͞c mice treated with anti-IL-4 antibody exhibit diminished contact hypersensitivity responses to dinitrofluorobenzine; IFN-␥ production was diminished at the site of challenge (35, 36) . IL-4Ϫ͞Ϫ mice failed to develop contact hypersensitivity to trinitrochlorobenzine, although in this instance they did develop cells capable of producing TH1 cytokines (37) . BALB͞c mice, which are susceptible to progressive infection by the Leishmania major strain LV39, are partially protected by anti-IL-4 antibodies but not by knocking out either IL-4 or IL4R␣ (38) . This suggests that the small amount of IL-4 that failed to be neutralized by anti-IL-4 may be important in developing a protective TH1 response. Indeed, the administered monoclonal anti-IL-4 antibody did not appear to neutralize all IL-4, as these mice still developed elevation of serum IgE, although to a substantially lesser degree than mice not treated with anti-IL-4. Furthermore, Mencacci and colleagues have reported that IL-4Ϫ͞Ϫ mice fail to develop a TH1 immune response against Candida (39) .
These studies demonstrate a critical but largely unanticipated interplay between IL-4 and͞or IL-13, the prototypic type 2 cytokines, and induction of a tissue-damaging TH1-mediated autoimmune response. The relevance of these observations for pathogenesis of spontaneous autoimmunity will require careful examination.
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